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摘 要 
 
亚历山大藻（Alexandrium spp.）是一种能够产生麻痹性贝类毒素（paralytic 
shellfish toxins，PSTs）的海洋甲藻，广泛分布于近海环境中。近年来由其产生
的毒素导致的海洋生物死亡及人类中毒事件频发，严重威胁到近海生态系统、水
产养殖业、人类健康和生命财产安全，已成为一个全球性的环境和健康问题。虽
然目前在亚历山大藻毒素来源及产毒生理方面取得了较大进展，但对毒素合成机
制的了解仍较少。 
本论文以有毒链状亚历山大藻（Alexandrium catenella）为研究对象，运用第
二代测序技术 RNA-seq 比较研究了 A. catenella 有毒野生株（ACHK-T）和无毒
变异株（ACHK-NT）转录组的差异表达，揭示了差异表达基因及其参与的生物
学过程，探讨了无毒变异株毒素合成能力丢失的原因；比较研究了毒素合成不同
时期转录组的差异表达，并结合代谢抑制剂处理条件下有毒野生株和无毒变异株
转录组的差异表达，探讨了亚历山大藻毒素合成机制。主要结果如下： 
（1）运用 RNA-seq 比较研究了链状亚历山大藻 ACHK-T 和 ACHK-NT 转录组的
差异表达。在 ACHK-NT 中 35 个基因的表达发生显著变化，其中上调基因 22
个，下调基因 13 个。这些基因主要参与光合作用，碳固定，氨基酸代谢及毒素
合成等过程；鉴定到毒素合成途径的起始基因 sxtA 的长短两种转录本，短转录
本在两株藻中表达量一致而长转录本仅在 ACHK-T 中表达，长转录本在
ACHK-NT 中的缺失可能导致毒素合成途径在第一步发生中断，进而导致无毒株
失去产毒能力。此外，还鉴定到 12 个与毒素合成相关基因的 101 个同系物，其
中 sxtO 与 sxtZ 首次在亚历山大藻中获得鉴定； 
（2）流式细胞分析结果表明，链状亚历山大藻在 24 h 内完成一个完整的细胞周
期，ACHK-T的毒素合成主要发生在光周期的G1期前期和暗周期的G1期后期。
在前期毒素合成缓慢，而在后期毒素合成有短暂的快速增长，且毒素合成不受光
诱导。在毒素合成不同阶段，包括 sxtA 和 sxtG 在内的参与毒素合成的基因在转
录水平上没有显著差异，表明有毒链状亚历山大藻可能在翻译或翻译后水平上调
节毒素合成，而与不同时期毒素含量变化趋势相似的蛋白质合成和能量代谢则可
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能为翻译水平或翻译后水平调节提供足够的酶和能量需求。此外，鉴定到 12 个
与毒素合成相关基因的 125 个同系物，其中 sxtW 首次在甲藻中获得鉴定； 
（3）秋水仙素处理后，链状亚历山大藻 ACHK-T 与 ACHK-NT 的细胞周期发生
停滞，且均被抑制在 G1 期。在秋水仙素处理后的 ACHK-T 中，毒素合成受到抑
制，与对照组相比在一个完整细胞周期内毒素含量没有明显变化。秋水仙素除了
抑制微管及微管蛋白质的聚合作用外，也诱导了细胞周期蛋白 cyclin-L2 的表达
从而导致细胞周期停滞在 G1 期；为了抵御秋水仙素对细胞的影响，链状亚历山
大藻通过提高结构蛋白和马达蛋白相关编码基因的表达来维持细胞的形态、物质
运输与运动能力。研究还发现，毒素合成受到抑制而毒素合成相关基因在
ACHK-T 中发生上调，表明 ACHK-T 可能通过翻译水平或翻译后水平调节毒素
合成，而转录水平上的变化对毒素合成的影响相对较小。此外，鉴定到 12 个与
毒素合成相关基因的 125 个同系物，但未能鉴定到 sxtD。 
 
关键词：海洋甲藻；链状亚历山大藻；麻痹性贝毒；毒素合成途径；毒素合成基
因；转录组；细胞周期；代谢抑制剂 
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Abstract 
 
Alexandrium is a widespread dinoflagellate genus in costal environment and 
numerous species within this genus are able to produce paralytic shellfish toxins 
(PSTs). With the recent increase of PST-induced poisonings, these species have been 
considered to be a serious threaten to marine ecosystem, aquaculture, human health 
and life safety, and PSTs have become a worldwide environmental and healthy 
problem. Although many progresses have been achieved on toxin origins and toxin 
producing physiology, little is known about PST biosynthesis in Alexandrium. 
This study used a toxigenic dinoflagellate species, Alexandrium catenella as the 
model species, compared the transcriptomes of the toxic strain ACHK-T and its 
non-toxic mutant ACHK-NT using the next generation sequencing (NGS) technique 
RNA-seq, revealed differentially expressed genes and the biological processes they 
were involved in, and discussed the potential reasons resulted in the loss of ability to 
produce toxin in ACHK-NT. Transcriptomes of ACHK-T cells from different 
toxin-producing stages as well as transcriptomes of both strains exposed to a 
metabolic inhibitor, colchicine, were also compared, and the toxin biosynthesis 
mechanism of A. catenella was discussed. The main results were as follows: 
(1) RNA-seq was carried out to compare the transcriptomes of wild toxigenic 
ACHK-T and its non-toxic mutant ACHK-NT, and a total of 35 differentially 
expressed genes were identified. Of these genes, 22 were up-regulated and 13 were 
down-regulated in ACHK-NT. These genes mainly participated in photosynthesis, 
carbon fixation, amino acid metabolism and toxin biosynthesis. Both long and short 
isoforms transcribed from sxtA which are involved in the initiation of toxin 
biosynthesis were identified in assembled unigenes. The expression level of the short 
isoform presented no difference between ACHK-T and ACHK-NT, while the long one 
was transcribed only in ACHK-T, indicating that its loss might result in the 
breakdown of initial toxin synthesis reaction and ultimately the loss of ability to 
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synthesize toxin in ACHK-NT. In addition, 101 putative homologs of 12 
cyanobacterial sxt genes were identified, and the sxtO and sxtZ genes were identified 
in dinoflagellates for the first time. 
(2) Flow cytometer analysis indicated that A. catenella finished a complete cell 
cycle within 24 h. Toxin biosynthesis in ACHK-T occurred mainly in early G1 phase 
during the light period when the toxin content increased gradually and presented a 
short-term rapid increase in the late G1 phase in the dark period, indicating that the 
biosynthesis of toxin was not light-induced. Genes including sxtA and sxtG involved 
in toxin production presented no obvious differences among different toxin-producing 
stages. The toxin biosynthesis might be regulated at the translation level or 
post-translation level in A. catenella and the demand of enzymes or energy for these 
two sorts of regulations might be offered by metabolisms of other protein translation 
and energy. Moreover, a total of 125 putative homologs of 12 cyanobacterial sxt genes 
were obtained and sxtW was found in dinoflagellates for the first time. 
(3) After treated with colchicine, cell cycles of both ACHK-T and ACHK-NT 
were arrested in G1 phase. Toxin biosynthesis in ACHK-T cells was also inhibited for 
toxin content presented no differences within one cell cycle. Colchicine not only 
depressed the expressions of microtubules and the polymerization of tubulins, but also 
induced the expression of cyclin-L2, both of which resulted in the arrest of the cell 
cycle of A. catenella. Expressions of genes encoding structural proteins and motor 
proteins were enhanced to maintain cell shape, mobility, and substance transport to 
resist the negative effects induced by colchicine. In addition, the toxin biosynthesis 
was inhibited while toxin-related genes were up-regulated in ACHK-T further 
indicated that the biosynthesis of toxin was regulated at the translation or 
post-translation level. A total of 125 putative homologs of 12 cyanobacterial sxt genes 
were identified except for sxtD. 
 
Keywords: marine dinoflagellates; Alexandrium catenella; paralytic shellfish toxins; 
toxin biosynthesis pathway; STX genes; transcriptome; cell cycle; metabolic inhititor 
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缩略词表 
 
缩写 英文名称 中文名称 
ACP Acyl carrier protein 酰基载体蛋白 
AONS 8-amino-7-oxononanoate synthase 8-氨基-7-氧壬酸合成酶 
ADP Adenosine diphosphate 二磷酸腺苷 
AMP Adenosine monophosphate 一磷酸腺苷 
ATP Adenosine triphosphate 三磷酸腺苷 
BLAST Basic local alignment search tool 基于局部比对算法的搜索工具 
CARBP Carbamoylphosphate 氨甲酰磷酸 
CCMA Center for collections of marine algae 海洋藻类收集中心（厦门） 
CDKs Cyclin-dependent kinases cyclin 依赖型蛋白激酶 
CDPK Calcium-dependent proteins kinase 钙依赖性蛋白激酶 
CDS Coding sequences 编码序列 
COG Clusters of Orthologous Groups of proteins 蛋白质直系同源数据库 
DD Differential display 差异显示技术 
de novo de novo assembly 从头组装 
DNA Deoxyribonucleic acid 脱氧核糖核酸 
EC Enzyme commission number EC 号 
EFs Elongation factors 延伸因子 
EST Expressed sequence tags 表达序列标签 
e-value e-value e 期望值 
FDR False discovery rate 错误发现率 
GNAT GCN5-related N-acetyl transerase GCN5 相关 N-酰基转移酶 
GO Gene ontology 基因本体注释 
GTX Gonyautoxin 膝沟藻毒素 
HABs Harmful algal blooms 有害藻华 
HPLC High performance liquid chromatography 高效液相色谱 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
